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Abstract
We consider a variant of seesaw mechanism by introducing extra singlet neutrinos and singlet scalar
boson, and show how low scale leptogenesis is successfully realized in this scenario. We examine
if the newly introduced neutral particles, either singlet Majorana neutrino or singlet scalar boson,
can be a candidate for dark matter. We also discuss the implications of the dark matter detection
through the scattering off the nucleus of the detecting material on our scenarios for dark matter.
In addition, we study the implications for the search of invisible Higgs decay at LHC, which may
serve as a probe of our scenario for dark matter.
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I. INTRODUCTION
Two unsolved important issues in particle physics and cosmology are why there is more
matter than antimatter in the present Universe and what is the origin of dark matter. In
this paper, we propose a model to address both of those problems and show that they can
be solved by means of a common origin..
One of the most popular models to accommodate the right amount of baryon asymmetry
in the present Universe is so-called leptogenesis [1], which is realized in the context of seesaw
mechanism [2], and thus the smallness of neutrino masses and the baryon asymmetry can
be simultaneously achieved. However, the typical leptogenesis demands rather large scale
of the right-handed Majorana neutrino mass, which makes it impossible to probe in present
experimental laboratories. To lower the scale of leptogenesis, we have recently proposed a
variant of seesaw mechanism [3] and showed that the required leptogenesis is allowed at a
low scale even a few TeV scale without imposing the tiny mass splitting between two heavy
Majorana neutrinos required in the resonant leptogenesis [4]. The main point of our model
previously proposed is to introduce an equal number of gauge singlet neutrinos in addition
to the heavy right-handed singlet neutrinos. In our scenario, there exist new Yukawa inter-
actions mediated by singlet Higgs sector which is coupled with the extra singlet neutrinos
and the right-handed singlet neutrinos. As shown in [3], the new Yukawa interactions may
play a crucial role in enhancing the lepton asymmetry, so that low scale leptogenesis can be
achieved.
On the other hand, it is worthwhile to examine if those new particles, either the newly
introduced singlet neutrinos or singlet scalar bosons, can be a dark matter candidate be-
cause any kind of neutral, stable and weakly interacting massive particles (WIMPs) can be
regarded as a good candidate for dark matter. While light singlet neutrinos with mass of
order MeV or keV have been considered as a warm dark matter candidate [5], heavy singlet
neutrinos with mass of order 100 GeV as a dark matter candidate have not been studied
much in detail. While the cold dark matter (CDM) models supplemented by a cosmological
constant are in a good agrement with the observed structure of the Universe on large scales,
the cosmic microwave background anisotropies and type Ia supernovae observations for a
given set of density parameters, there exists a growing wealth of observational data which
are in conflict with the CDM scenarios [6]. To remedy the difficulties of the CDM models
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on galactic scales, a self-interacting dark matter candidate has been proposed [7, 8, 9], and
it has been discussed that a gauge singlet scalar coupled to the Higgs boson, leading to an
invisible decaying Higgs, is a good candidate for the self-interacting dark matter [10, 11, 12].
In this paper, we will show that either the new gauge singlet neutrinos or singlet scalar
bosons, which play an important role in enhancing the lepton asymmetry so that the low
scale leptogenesis is realized, can be a good candidate for dark matter. For our purpose,
we will first present how the enhancement of the lepton asymmetry through the mediation
of the newly introduced particles in our framework can be achieved and then will show
that the new gauge singlet particles with the parameter space in consistent with low scale
leptogenesis can be satisfied with the criteria on the candidate for dark matter. We will
investigate possibilities of dark matter detection through the scattering off the nucleus of
the detecting material. In addition, we will study how we can probe our scenarios at high
energy colliders and present that the search for the invisible Higgs decay may serve as a
probe of dark matter properties.
II. EXTENDED SEESAW MODEL AND LOW SCALE LEPTOGENESIS
We begin by explaining what the extended seesaw model is and examine how low scale
leptogenesis can be realized in this context. The Lagrangian we propose is given in the
charged lepton basis as
Lf = Yνij ν¯iHNj +MRijNiNi + YSijN¯iΦSj −mSijSiSj + h.c. (1)
where νi, Ni, Si stand for SU(2)L doublet, right-handed singlet and newly introduced singlet
neutrinos, respectively. Yνij , YSij , MRij represent Dirac Yukawa coupling matrix, Singlet
Yukawa coupling matrix and Heavy Majorana neutrino mass matrix, respectively. And H
and Φ denote the SU(2)L doublet and singlet Higgs scalars. Here, we impose Z2 symmetry
under which Si and Φ are odd and all other particles even, which makes this model different
from the extended double seesaw model proposed in [3] even though the contents of particles
are the same. The immediate consequence of the exact Z2 symmetry is that the lightest Si
or Φ can be a candidate for the cold dark matter of the Universe.
Due to the exact Z2 symmetry, the singlet scalar field Φ can not drive a vacuum ex-
pectation value. Thus, in this model, light neutrino masses are generated by typical seesaw
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mechanism, which makes this model different from the model in [3]. After integrating out the
right-handed heavy neutrino sector NR in the above Lagrangian, the light neutrino masses
are given by
mν =
(YνvEW)
2
4MR
, (2)
where we omitted the indices of the mass matrix and Dirac Yukawa coupling, and v
EW
= 246
GeV is the Higgs vacuum expectation value. Although the absolute values of three neutrino
masses are unknown, their masses are expected to be of order of
√
∆m2atm ≃ 0.05 eV and√
∆m2atm ≃ 0.01 eV, provided that the mass spectrum of neutrinos is hierarchical. There
is also a bound on neutrino masses coming from WMAP observation, which is mν . 0.23
eV. Thus it is interesting to see how the neutrino masses of order of 0.01 ∼ 0.1 eV can
be obtained in our scenario. Such light neutrino masses can be generated through seesaw
formula Eq. (2), if we take, as an example, Yν and MR to be of order 10
−6 and 104 GeV,
respectively.
Now, let us consider how low scale leptogenesis can be achieved by the decay of the lightest
right-handed Majorana neutrino in our framework. Right handed heavy Majorana neutrinos
are even under Z2 symmetry, so that they can decay into a pair of the singlet particles, Φ
and S, or the standard model Higgs and the lepton doublet. Since the Yukawa couplings
(YS)2(3)i are taken to be large, the processes involving N2,3 remain in thermal equilibrium
even at T ≃MR1 , and thus the decays of N2,3 can not lead to the desired baryon asymmetry.
However, the decay processes of the lightest right-handed Majorana neutrino N1 depart from
thermal equilibrium at T . MR1 , and thus lead to the desired baryon asymmetry
It will be shown that there exists a new contribution to the lepton asymmetry which is
mediated by the extra singlet neutrinos Si and scalar boson Φ, and successful leptogenesis
can be realized with rather light right-handed Majorana neutrino masses which can escape
the gravitino problem encountered in supersymmetric standard model. Without loss of
generality, we can rotate and rephase the fields to make the mass matrices MRij and mSij
real and diagonal. In this basis, the elements of Yν and YS are in general complex. The
lepton number asymmetry required for baryogenesis is given by
ε1 = −
∑
i
[
Γ(N1 → l¯iH¯)− Γ(N1 → liH)
Γtot(N1)
]
, (3)
where N1 is the lightest right-handed neutrino and Γtot(N1) is the total decay rate. Thanks to
the new Yukawa interactions, there is a new contribution of the diagram which corresponds
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FIG. 1: Diagrams contributing to the lepton asymmetry.
to the self energy correction of the vertex arisen due to the new Yukawa couplings with
singlet neutrinos and Higgs scalars. Fig. 1 shows the structure of the diagrams contributing
to ε1. Assuming that the masses of the Higgs scalars and the newly introduced singlet
neutrinos are much smaller compared to that of the right-handed neutrino, to leading order,
we have
Γtot(Ni) =
(YνY
†
ν + YSY
†
S )ii
4pi
MRi (4)
so that
ε1 =
1
8pi
∑
k 6=1
([gV (xk) + gS(xk)]Tk1 + gS(xk)Sk1) , (5)
where Yν and YS are given in the basis where MR and MS are diagonal, gV (x) =
√
x{1 −
(1 + x)ln[(1 + x)/x]}, gS(x) = √xk/(1− xk) with xk = M2Rk/M2R1 for k 6= 1,
Tk1 = Im[(YνY
†
ν )
2
k1]
(YνY
†
ν + YSY
†
S )11
(6)
and
Sk1 = Im[(YνY
†
ν )k1(Y
†
SYS)1k]
(YνY
†
ν + YSY
†
S )11
. (7)
Notice that the term proportional to Sk1 comes from the interference between the tree-level
diagram with the new contribution.
In particular, for x ≃ 1, the vertex contribution to ε1 is much smaller than the contri-
bution of the self-energy diagrams and the asymmetry ε is resonantly enhanced, and we do
not consider this case. To see how much the new contribution may be important in this
case, for simplicity, we consider a particular situation where MR1 ≃ MR2 < MR3 , so that
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the effect of N3 is negligibly small. In this case, the asymmetry can be written as
ε1 ≃ − 1
16pi
[
MR2
v2
Im[(Y ∗ν mνY
†
ν )11]
(YνY
†
ν + YSY
†
S )11
+
∑
k 6=1 Im[(YνY
†
ν )k1(YSY
†
S )1k]
(YνY
†
ν + YSY
†
S )11
]
R , (8)
where R is a resonance factor defined by R ≡ |MR1 |/(|MR2 | − |MR1 |). For successful lepto-
genesis, the size of the denominator of ε1 should be constrained by the out-of-equilibrium
condition, ΓN1 < H|T=MR1 with the Hubble expansion rate H, from which the correspond-
ing upper bound on the couplings (YS)1i reads
√∑
i |(YS)1i|2 < 3 × 10−4
√
MR1/10
9(GeV).
Then, the first term of Eq. (8) is bounded as (MR2/16piv
2)
√
∆m2atmR. So if the first term
of Eq. (8) dominates over the second one, R ∼ 106−7 is required to achieve TeV scale
leptogenesis, which implies severe fine-tuning. However, since the size of (YS)2i is not con-
strained by the out-of-equilibrium condition, large value of (YS)2i is allowed for which the
second term of Eq. (8) can dominate over the first one and thus the size of ε1 can be en-
hanced. For example, if we assume that (Yν)2i is aligned to (Y
∗
S )2i, i.e. (YS)2i = κ(Y
∗
ν )2i
with constant κ, the upper limit of the second term of Eq. (8) is given in terms of κ by
|κ|2MR2
√
∆m2atmR/16piv
2, and then we can achieve the successful low scale leptogenesis by
taking rather large value of κ, instead of imposing very tiny mass splitting between MR1 and
MR2 . The right amount of the asymmetry, ε1 ∼ 10−6, can be obtained for MR1 ∼ 104GeV,
provided that κ = (YS)2i/(Yν)
∗
2i ∼ 103 and M2R2/M2R1 ∼ 10. We emphasize that such a
requirement for the hierarchy between Yν and YS is much less severe than the required fine-
tuning of the mass splitting between two heavy Majorana neutrinos to achieve the successful
leptogenesis at low scale.
The generated B-L asymmetry is given by Y SMB−L = −ηε1Y eqN1, where Y eqN1 is the number
density of the right-handed heavy neutrino at T ≫ MR1 in thermal equilibrium given by
Y eqN1 ≃ 45pi4 ζ(3)g∗kB 34 with Boltzmann constant kB and the effective number of degree of freedom g∗.
The efficient factor η can be computed through a set of coupled Boltzmann equations which
take into account processes that create or washout the asymmetry. To a good approximation
the efficiency factor depends on the effective neutrino mass m˜1 given in the presence of the
new Yukawa interactions with the coupling YS by
m˜1 =
(YνY
†
ν + YSY
†
S )11
MR1
v2. (9)
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In our model, the new process of type SΦ→ lH will contribute to wash-out of the produced
B-L asymmetry. The process occurs mainly through virtual N2,3 exchanges because the
Yukawa couplings (YS)2(3)i are taken to be large in our model and the rate is proportional
to MR1 |YSY ∗ν /MR2,3 |2. Effect of the wash-out can be easily estimated from the fact that it
looks similar to the case of the typical seesaw model if MR1 is replaced with MR1(YS/Yν)
2.
It turns out that the wash-out factor for (YS)1i ∼ (Yν)1i, (YS)2i/(Yν)2i ∼ 103 and MR1 ∼ 104
GeV is similar to the case of the typical seesaw model with MR1 ∼ 104 GeV and m˜1 ≃ 10−3
eV, and is estimated so that ε1 ∼ 10−6 can be enough to explain the baryon asymmetry of
the Universe provided that the initial lightest right-handed neutrino is thermal [13].
III. INVESTIGATION OF POSSIBLE DARK MATTER CANDIDATES
Now, let us examine if either the newly introduced singlet Majorana neutrino or the
singlet scalar boson can be a candidate for dark matter. For our purpose, in addition to the
lagrangian Lf given in Eq. (1), we allow quartic scalar interactions for the scalar sectors.
Then, the lagrangian we consider is given by
L = Lf + 1
2
(∂µΦ)
2 − 1
2
m2Φ0Φ
2 − λs
4
Φ4 − λH†HΦ2. (10)
Note that the self-interacting coupling of the singlet scalar λs is largely unconstrained and
thus can be chosen arbitrarily. But, we assume that it should not be so large that the
perturbation breaks down. As mentioned before, in order to guarantee the stability of
the dark matter candidate, we impose Z2 discrete symmetry under which all the standard
model (SM) particles are even whereas the singlet Majorana neutrinos Si and singlet scalar
boson Φ are odd. In addition, we demand that the scalar potential is bounded from below
so as to guarantee the existence of a vacuum and the minimum of the scalar potential
must spontaneously break the electroweak gauge group, < H0 > 6= 0, but must not break
Z2 symmetry imposed above. After breaking the electroweak gauge symmetry, the singlet
scalar Φ- dependent part of the scalar potential is given by
V =
1
2
(m2Φ0 + λv
2
EW
)Φ2 +
λs
4
Φ4 + λv
EW
Φ2h+
λ
2
Φ2h2, (11)
where we have adopted
√
2H† = (h, 0) and shifted the Higgs boson h by h→ h+v
EW
, where
v
EW
= 246 GeV is the Higgs vacuum expectation value. The physical mass of Φ, mΦ, is
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FIG. 2: Cascade decays of NOP to LOP : (a) case for mS < mΦ, (b) case for mΦ < mS
then given by m2Φ0 + λv
2
EW
. We assume that the spectrum of the singlet neutrinos Si is not
degenerate and two heavier ones S2,3 are so much heavier than S1 that they could not be
dark matter candidates. Here, we notice that only the lightest odd particle (LOP) under Z2
can be a candidate for dark matter in our scenario because the next lightest odd particle
(NOP) can be decayed into the LOP by the cascade decay, as shown in Fig. 2.
Since there are two kinds of odd particles under Z2 in our scenario, we can classify two
possible candidates for dark matter according to which particle is the LOP. One is the case
that the singlet Majorana neutrinos S1 is the LOP and the other is that Φ is the LOP. As
will be clearer later, the primordial abundance of dark matter candidate is predicted as a
function of masses and coupling λ. Thus, imposing the preferred values of ΩDMh
2 observed
from WMAP, 0.094 < ΩDMh
2 < 0.128 [14, 15], we can get a strong relation between mass
of dark matter candidate and coupling λ.
A. Singlet Neutrino S as a Dark Matter Candidate
The singlet neutrino S1 can be a dark matter candidate, provided that mS1 . mΦ. We
omit the generation index 1 of S1 hereafter. To estimate the relic abundance of the singlet
neutrino S at a freeze-out temperature xf = mS/Tf , we need to know the annihilation
processes[16]. There are two possible annihilation processes of the singlet neutrino, one is
happened at loop level and the other is mediated by Φ. But, both possibilities are not
relevant to fit the required present relic density of the dark matter because the annihilation
cross section for the dark matter candidate S is too small, therefore, these processes would
predict too much relic abundance of S. However, it is well known that if the mass of NOP
is close to that of LOP, it would not be decoupled from thermal equilibrium at the freeze-
8
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FIG. 3: Diagram for annihilation processes of the singlet scalar bosons Φ
out temperature of the LOP and thus influences the relic abundance of LOP [17]. We call
this coannihilation [17] and this mechanism lowers the present day relic density of S in this
scenario. It turns out that in our scenario if δm = mΦ −mS ≈ Tf , annihilation processes
of the NOP into a pair of the SM particles through the s-channel, as shown in Fig. 3, can
significantly affect the relic abundance of S to be appropriately reduced.
With the help of the standard formulae for calculating relic abundance of s-wave annihi-
lation [16],
ΩSh
2 =
(1.07× 109)xfGeV−1
g
1/2
∗ Mpl
∫∞
xf
< σeffvrel > x−2dx
, (12)
we can estimate the present relic density of singlet Majorana neutrino S. Here g∗ is the
degrees of freedom in equilibrium at annihilation, and xf = mLOP/Tf is the inverse freeze-
out temperature in units of mLOP, which can be determined by solving the equation
xf ≃ ln
(
0.038geff(g∗ · xf )−1/2MP lmLOP < σeffvrel >
)
, (13)
where <> means the relevant thermal average, geff =
∑
i gi(mi/mLOP)
3/2e−(mi−mLOP)/T with
the number of degree of freedom gi for i = (S,Φ), and σeff is the effective cross section
defined in [17]. On calculating ΩSh
2, we have used the micrOMEGAs 2.0 program [18].
The dominant contribution to σeff in this case is the pair annihilation cross section of the
heavier particle Φ. Since it is Tf ∼ 0.04mΦ that the annihilation of Φ is important, what we
need to know is the non-relativistic annihilation cross section. In the non-relativistic limit,
s-channel annihilation of Φ via Higgs exchange is given by [10],
σannvrel =
8λ2v2
EW
(4m2Φ −m2h)2 +m2hΓ2h
FX , (14)
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where Γh is the total Higgs decay rate, and FX = limm
h˜
→2mΦ
(
Γ
h˜X
m
h˜
)
with the partial rate
for decay h˜→ X , for a virtual Higgs h˜. Requiring ΩSh2 to be in the region measured from
WMAP, 0.094 < Ωh2 < 0.128 [14, 15], we can obtain a relation between the coupling λ and
the mass of the scalar boson mΦ.
In the case of ΩSh
2 = 0.128, in Fig. 4 we represent the relation between λ and mS for
δm = 5GeV. Fig. 4-(a) corresponds to the Higgs mass mh = 120 GeV, whereas Fig. 4-(b)
corresponds to mh = 200 GeV. The shadowed region is forbidden due to the breakdown
of perturbation, so the region 57 (146) GeV ≤ mS ≤ 74 (190) GeV for mh = 120 (200)
GeV and Ωh2 = 0.128 is not relevant to our scenario. In the case of Ωh2 = 0.128, it is
57 (139) GeV ≤ mS ≤ 75 (196) GeV for mh = 120 (200) GeV.
We notice from Fig. 4 that there exist kinematically special regions, such as the Higgs
threshold (2mφ ≃ mH) and two-particle threshold in the final states (mφ ≃ mZ or mφ ≃
mH , and so on). We see from Fig. 4 that for 50 (74) GeV . mS . 234 (245) GeV
Λ=1
mh=120 GeV
∆m=mF-mS=5 GeV
W=0.128
W=0.094
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FIG. 4: Relationship between λ and mS arisen from the constraints ΩSh
2 = 0.128 and 0.094
corresponding to the upper and lower limit of ΩDMh
2 measured from WMAP, respectively. Here
the mass difference δm = mΦ − mS has been taken to be 5 GeV and Higgs mass mh to be
(a) 120GeV and (b) 200GeV. Here the shadowed region is forbidden due to the breakdown of
perturbation.
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for mh = 120 (200) GeV and Ωh
2 = 0.128 except the regions corresponding to the poles
and particle thresholds, the abundance constraint arisen from WMAP results requires λ ∼
O(0.5(0.3)−1). This result indicates that we do not need any fine tuning or special choice of
the parameters in order to achieve right amount of relic abundance of dark matter candidate.
It also turns out that if mS is lighter than 50 (74) GeV or heavier than 234 (245) GeV for
mh = 120 (200) GeV and Ωh
2 = 0.128, the relic abundance of S is incompatible with
WMAP results for the relic density. It is worthwhile to notice that the coupling λ gets
significantly suppressed down to the level of 10−2 near the Higgs pole. This is because the
Higgs resonance is quite narrow, which in turn considerably enhances the scalar boson Φ
annihilation rate, especially if 2mΦ is slightly smaller than mh [10, 17]
B. Singlet Scalar Boson Φ as a Dark Matter Candidate:
The singlet Higgs scalar Φ can be a candidate for dark matter, provided that mΦ . mS.
Since Φ is the lightest particle involved in the interaction term YSNSΦ, this particle can
not decay into other particles, and thus the annihilation processes relevant to a successful
candidate for dark matter can occur through the Higgs interaction term λΦ2H†H . In this
case, the singlet scalar bosons annihilate into the SM particles mediated by the Higgs boson
h.
In Ref. [8], it has been proposed that a stable, strongly self-coupled scalar field can solve
the problems of cold dark matter models for structure formation in the Universe, concerning
galactic scales. Thus, the singlet scalar boson in our model can serve as a self-interacting
scalar dark matter candidate. If the mass difference between mΦ and mS is substantially
large, the new Yukawa interactions YSNSΦ will negligibly affect the relic density of Φ, so
the behavior of Φ as a dark matter candidate is the same as that of the self-interacting
scalar dark matter candidate. If the mass difference between S and Φ is substantially small,
the particles Si are thermally accessible and they are as abundant as Φ. In this case, the
formulae for the relic abundance of the particle Φ and its freeze-out temperature xf are given
by the same forms of Eq. (12) and Eq. (13), respectively. In fact, however, the annihilation
cross sections associated with the heavier particles Si are turned out to be negligibly small
in this scenario, so σeff ≃ σΦg2/g2eff , where σΦ is the pair annihilation cross section of Φ and
g is the internal degree of freedom of Φ. Inserting σeff into xf , we see that the value of xf
11
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FIG. 5: Relationship between λ and mΦ corresponding to ΩΦh
2 = 0.128 (the lower solid line) and
0.094 (the upper solid line), respectively. The mass difference δm = mS −mΦ has been taken to
be 5 GeV and mh to be (a) 120 GeV and (b) 200 GeV. Here the shadowed region is forbidden due
to breakdown of perturbation and the dashed line corresponds to the prediction of the model with
a self-interacting dark matter [10] for ΩΦh
2 = 0.128.
for δm = mS −mΦ = 5 GeV and mΦ = 500 GeV in this scenario is about 4% lower than
that in the singlet Higgs model without the particles Si, which in turn increases the relic
abundance of Φ.
Since several important features of our results are quite similar to those of [10], therefore,
here we just present what are the differences between [10] and our model. In Fig. 5, we
show the relation between λ and mΦ for mh = 120 (200) GeV and δm = mS−mΦ = 5 GeV,
which is generated by requiring Ωφh
2 = 0.128 and 0.094. We see from Fig. 5 that mΦ should
be less than 551 GeV (571 GeV) for mh = 120 (200) GeV and Ωh
2 = 0.128 in our model, so
as to be consistent with the relic abundance constraint without breaking down perturbation
(i.e. λ . 1). This upper limit on mΦ is much more restrictive than what is obtained in [10].
Also, we see in Fig. 5-(a) that when mΦ lies between 80 GeV and 551 GeV, the value of λ
in our model is much larger than that given in [10].
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IV. IMPLICATION FOR DARK MATTER SEARCH
To directly detect dark matter, typically proposed method is to detect the scattering of
dark matter off the nucleus of the detecting material. Since the scattering cross section
is expected to be very small, the energy deposited by a candidate for dark matter on the
detector nucleus is also very small. In order to measure this small recoil energy, typically
of order keV, of the nucleus, a very low threshold detector condition is required. Since the
sensitivity of detectors to a dark matter candidate is controlled by their elastic scattering
cross section with nucleus, it is instructive to examine how large the size of the elastic cross
section could be. First, to estimate the elastic cross section with nucleus, we need to know
the relevant matrix element for slowly moving spin-J nuclei, which is approximately given
by [10]
1
2J + 1
∑
spins
| < n′|
∑
f
yf f¯f |n > |2 ≃ |An|
2
(2pi)6
, (15)
where n denotes nucleons and |An| is determined to be
An = gHnn ≃
190MeV
v
EW
(16)
by following the method given in [10] and taking the strange quark mass to be 95 MeV and
< n|s¯s|n >∼ 0.7.
Now, let us estimate the sizes of the elastic scattering cross sections in each case of dark
matter candidates.
(i) Case for mS < mφ :
The Feynman diagram describing the scattering of the singlet Majorana neutrino S with
nucleons and nuclei is given by t-channel Higgs and heavy Majorana neutrino exchange,
as shown in Fig. 6-(a). In this case, the non-relativistic spin-independent quasi-elastic
scattering cross section is approximately given by
σel ≈ Y
2Y 2ν |An|2
128pi3
( m2νm2n
m4hm
2
NmS
)
×mPL, (17)
where mPL is the Planck mass.
However, the size of σel is turned out to be less than 10
−71 cm2 due to small neutrino
mass mν as well as small Yukawa couplings Y and Yν, which is much smaller than the
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FIG. 6: Feynman diagrams relevant to (a) S-nucleon elastic scattering, and (b) Φ-nucleon elastic
scattering.
current bound from dark matter experiments. Thus, it is extremely difficult to detect the
signal for the singlet Majorana neutrino S at dark matter detectors.
(ii) Case for mφ < mS:
In this case, the Feynman diagram relevant to scalar-nucleon elastic scattering is presented
in Fig. 6-(b), which has already been considered in [10]. Then, the non-relativistic elastic
scattering cross section is given by [10]
σel =
λ2v2
EW
|An|2
4pi
( m2∗
m2φm
4
h
)
, (18)
where m∗ = mφmn/(mφ +mn) is the reduced mass for the collision. Substituting Eq. (16)
into Eq. (18),
σel(nucleon) ≈ 1
4pi
(λ190MeV
m2h
)2( mp
(mp +mφ)
)2
= λ2
(100GeV
mh
)4(50GeV
mφ
)2
(4.47× 10−42 cm2).
where the mass of mp is a mass of proton. In Fig. 7, we plot the predictions for the
elastic scattering cross section as a function of the scalar mass mΦ for mh = 120GeV and
mh = 200GeV, respectively, and the mass difference (δm = mS −mφ) is taken to be 5GeV.
The lower line corresponds to ΩΦh
2 = 0.128, whereas the upper line to ΩΦh
2 = 0.094. On
calculating σel, we used the relationship between λ and mΦ which is obtained through the
constraint from WMAP result as before.
In Fig. 7, we plot the new 90% C.L. upper bound for the WIMP-nucleon spin-independent
cross section as a function ofmΦ obtained from XENON10 Dark Matter Experiment [20]. As
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FIG. 7: Plots of the elastic cross section σel as a function of mΦ for (a) mh = 120 GeV and (b)
for mh = 200 GeV. The dotted line is spin-independent WIMP-nucleon cross section upper limits
(90% C.L.) by XENON10 Dark Matter Experiment [20]. Here the dashed line corresponds to the
prediction of the model with a self-interacting dark matter [10] for Ωh2 = 0.128.
one can see from Fig. 7, when Ωh2 = 0.128, the regionmΦ < 42 (56) GeV formh = 120 (200)
GeV and δm = 5 GeV is excluded by XENON10 Dark Matter Experiment [20].
Comparing our results with those in the model of self-interacting scalar dark matter [10],
we see that our prediction for the elastic cross section in the region 80 (110) GeV < mΦ <
551 (571) GeV for mh = 120 (200) GeV, and δm = 5 GeV is about 1.4 (1.5) to 4.3 (4.4)
times larger than that estimated in [10]. This indicates that our scenario for scalar dark
matter is distinguishable from the original model of the self-interacting scalar dark matter.
V. IMPLICATION FOR HIGGS SEARCHES AT LHC
Now we investigate the implications of our scenarios for Higgs searches at collider
experiments. The singlet scalar boson will not directly couple to ordinary matters, but
only to the Higgs fields. Although the presence of the singlet scalars will not affect
electroweak phenomenology in a significant way, it will affect the phenomenology of the
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Higgs boson. Due to the large values for the coupling λ ∼ O(0.1 − 1.0) required by
relic abundance constraints, real or virtual Higgs production may be associated with the
singlet Higgs Φ production, as discussed in [10]. We see from Eq. (11) that if 2mΦ < mh,
the real Higgs boson can decay into a pair of singlet scalars, whereas if 2mΦ > mh,
the singlet scalar bosons can not be produced by real Higgs decays, but arise only via
virtual Higgs exchange. As we know that any produced singlet scalar bosons are not ex-
pected to interact inside the collider, thus they only give rise to strong missing energy signals.
(i) Case for 2mΦ < mh :
In this case, the Higgs boson can invisibly decay into a pair of the singlet scalar bosons. The
invisible decay width is given at tree level by
ΓH→φφ =
λ2v2
EW
32pimh
√
1− 4m
2
Φ
m2h
. (19)
Since the relic abundance constraints require the large value of the coupling λ, the invisible
decay width to the Higgs boson gets large. It is known that if the Higgs mass is less than
2MW so that the Higgs partial width into the SM particles is very small, the Higgs will
decay predominantly into the singlet scalar bosons. Then, LHC may yield a discovery signal
for an invisible Higgs with enough reachable luminosity, for instance, 10 fb−1 of integrated
luminosity for mh = 120 GeV, in associated production with Z boson [21]. To quantify
the signals for the invisible decay of the Higgs boson, we investigate the ratio R defined as
follows [10]:
R =
Brh→b¯b, c¯c, τ¯ τ (SM + Φ)
Brh→b¯b, c¯c, τ¯ τ (SM)
=
Γh,total(SM)
Γh→φφ + Γh,total(SM)
.
The ratio R indicates how the expected signal for the visible decay of the Higgs boson can
decrease due to the existence of the singlet scalar bosons.
(a) Case for singlet neutrino dark matter: In Fig. 8, we plot the value of R as a function
of mΦ for (a) mh = 120 GeV and (b) mh = 200 GeV, respectively. Here, we fixed the
value of δm to be 5 GeV, and used the relation between λ and mΦ which is obtained from
the relic abundance constraints as explained before. On calculating the decay rate of Higgs
particle, we have used CalcHEP 2.4.5 [19]. As can be seen in Fig. 8, the prediction for the
value of R is totally different from that in [10]. But, in this case, we can probe the invisible
Higgs decay by using R only for the very narrow region 55 (79) GeV < mΦ < 60 (100) GeV
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FIG. 8: Plots of the ratio R as a function of mΦ for our model with ΩΦh
2 = 0.128 and 0.094, (solid
lines) when (a) mh = 120 GeV and (b) 200 GeV, and for the model with a self-interacting dark
matter [10] with ΩΦh
2 = 0.128 (dashed line). Here the shadowed region represents the forbidden
region by Fig. 4, which applies only to our model.
when mh = 120 (200) GeV. This is because the lower limit of mS has been determined to
be 50 (74) GeV for mh = 120 (200) GeV, as shown in Fig. 4, and upper limit of mΦ is
constrained by the condition 2mΦ < mh. From Fig. 8, similar to [10], it turns out that
the invisible Higgs decay width dominates the total width everywhere except in the vicinity
2mφ = mH . This means that a tremendous suppression of the observable Higgs signal may
happen at the LHC.
(b) Case for singlet scalar dark matter: For this case, we plot the prediction for R
in Fig. 9 and the result is turned out to be almost the same as that in [10]. Similar to
the above case, the invisible width also dominates the total width everywhere except the
region 2mΦ ≃ mh [10]. We notice that when mh = 120 (200) GeV and Ωh2 = 0.128 the
parameter space below mΦ = 42 (56) GeV are excluded by the current bound obtained
from XENON10 Dark Matter experiment. In this case, if we impose the current bound
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FIG. 9: Plots of the ratio R as a function of mΦ for our model with ΩΦh
2 = 0.128 and 0.094, (solid
lines) when (a) mh = 120 GeV and (b) 200 GeV, and for the model with a self-interacting dark
matter [10] with ΩΦh
2 = 0.128 (dashed line). Here the shadowed region represents the forbidden
region by XENON10 Dark Matter Experiment [20], which applies only to our model.
from XENON10 Dark Matter Experiment [20], the mass of scalar boson mΦ should be
larger than 42 (56) GeV for mh = 120 (200) GeV and Ωh
2 = 0.128. Then, the values of R
in our model is constrained to be 0.1− 1 (0.64− 1) where the upper limit is determined by
the condition 2mΦ < mh as it should be.
(ii) Case for 2mΦ > mh :
In this case, the singlet scalar bosons can be produced only through virtual Higgs exchange.
Similar to the previous case, the produced singlet scalar particles can be detected as missing
energy above an energy threshold, E ≥ 2mΦ. In this case, LHC is unlikely place for discovery
of a missing energy signal, whereas future linear collider might be a good place for detecting
such a signal.
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VI. CONCLUSION
We have considered a variant of seesaw mechanism by introducing extra singlet neutrinos
and singlet scalar boson and showed how low scale leptogenesis is realized in our scenario. We
have examined if the newly introduced neutral particles, either singlet Majorana neutrinos
or singlet scalar boson, can be a candidate for dark matter. We have shown that the coanni-
hilation process between dark matter candidate and the next lightest Z2 odd particle plays
a crucial role in generating the right amount of the relic density of dark matter candidate.
We have also discussed the implications of the dark matter detection through the scattering
off the nucleus of the detecting material on our scenarios for dark matter candidate. From
the recent result of XENON10 Dark Matter experiment, we could get some constraint on
the mass of singlet scalar boson. In addition, we have studied the implications for the search
of invisible Higgs decay at LHC which may serve as a probe of our scenarios for dark matter.
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